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SUMMARY 


An experimental investigation was conducted in the Langley 8-Foot High- 
Temperature Tunnel at Mach 6,7 to determine the effects of free-stream unit Reynolds 
number, angle of attack, and nose shape on the aerothermal environment of a 3-ft 
base-diameter, 12,5° half-angle cone. The average total temperature was 3300°R, the 
free-stream unit Reynolds number ranged from 0.4 x 1 0 6 to 1.4 x 1 0 6 per foot, and the 
angle of attack ranged from 0° to 10°. Three nose configurations were tested on the 
cone: a 3-in-radius tip, a 1 -in-radius tip on an ogive frustum, and a sharp tip on 

an ogive frustum. Surface-pressure and cold-wall (ratio of wall temperature to total 
temperature of 0.16) heating-rate distributions were obtained for laminar, transi- 
tional, and turbulent boundary layers. Shock shapes and profiles of Mach number and 
total temperature in the shock layer were obtained. 

Surface-pressure data were independent of free-stream Reynolds number and 
required longer distances to recover from nose overexpansion as bluntness increased. 
Windward pressure data were well predicted by an inviscid flow-field code for the 
present range of angle of attack. Laminar heating data normalized by the stagnation- 
point heat transfer were independent of free-stream Reynolds number and were well 
predicted on the windward side. Turbulent heating levels were in agreement with an 
empirical method. The location of the start of transition moved forward on both the 
windward and leeward sides with increasing free-stream Reynolds number, increasing 
angle of attack, and decreasing nose bluntness. 


INTRODUCTION 

Applications of conical shapes for high-speed vehicles have led to a large aero- 
thermal data base for cones. Although many experimental investigations have been 
done on cones in high-enthalpy hypersonic flow, several aspects of aerothermal heat- 
ing are not fully understood and additional data are needed. Some of these aspects 
are as follows: (1) The location of the start of transition on blunt cones at angle 

of attack is not well understood and, in fact, conflicting trends have been observed. 
(See, for example, refs. 1 to 3. ) (2) Methods for accurately predicting leeward 

heating are not available (refs. 4 and 5), although progress is being made through 
the use of the parabolized Navier-Stokes (PNS) equations (ref. 6). (3) Various types 

of slender-body nose shapes (ogives, for example) are often used on hypersonic 
vehicles and missiles; but despite the frequent use of ogives, there is a lack of 
heating data in the open literature at Mach 7 and above. Because of these deficien- 
cies in the existing data base, the present study was performed to provide additional 
experimental data on transition location, leeward heating, and ogive aeroheating. 

A 3-ft base-diameter, 12.5° half-angle cone with three interchangeable nose con- 
figurations was tested in the Langley 8-Foot High-Temperature Tunnel (8-ft HTT) at a 
free-stream Mach number of 6.7, a total temperature of 3300°R, free-stream unit 

6 fi 

Reynolds numbers from 0.4 x 10 to 1.4 x 10 per foot, and angles of attack up to 
10°. The nose shapes tested were a 3-in-radius tip, a 1-in-radius tip on an ogive 
frustum, and a sharp tip on an ogive frustum. The large size of the model enabled 
high local Reynolds numbers plus flow-field surveys from three sets of retractable 


rakes. Surface-pressure and cold-wall (ratio of wall temperature to total tempera- 
ture of 0.16) heating-rate distributions were obtained for laminar, transitional, and 
turbulent boundary layers. Shock shapes and profiles of Mach number and total tem- 
perature in the shock layer were obtained. 

The pressure data and shock-layer profiles are compared with predictions from an 
inviscid three-dimensional computer code referred to as STEIN (supersonic three- 
dimensional external inviscid). (See refs. 7 and 8.) Laminar heat-transfer data are 
compared with the code described in reference 9. Turbulent heating levels are com- 
pared with semiempirical reference-temperature methods described in references 10 
to 13 and with the code described in references 14 and 15. 


SYMBOLS 


c specific heat, Btu/lb-°R 

r 

k thermal conductivity, Btu/f t-sec-°R 

M Mach number 

N* Prandtl number, (c n n/k)* 

Pr P H/ 

N Re free-stream unit Reynolds number, p^V oo/^oo' ft* 1 

N*^ local Reynolds number based on reference temperature, P* v e s/p* 

Stanton number based on reference temperature, 4/[( T aw “ T w ^e V e C pJ 
p pressure, psia 

q heat flux, Btu/ft 2 -sec 

r , <p,x cylindrical coordinates (see fig. 12) 

r,<p, 0 spherical coordinates (see fig. 12) 

base radius, in. 
r n nose radius, in. 

s surface distance from stagnation point (see fig. 7), in. 

s c surface distance from start of cone frustum (see fig. 7), in. 

T temperature, °R 

t time, sec 

V velocity, ft/sec 

y distance normal to axis of revolution (see fig. 7), x, in. 

a angle of attack, deg 
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Y ratio of specific heats 

A difference 

H distance normal to surface (see fig, 7), in, 

y viscosity, lb/ft-sec 

3 

p density, lbm/ft 

T skin thickness, in. 

Subscripts: 

aw adiabatic wall 

e edge of boundary layer 

s stagnation point 

spc sharp cone 

t total condition of tunnel (combustor) 

tr start of transition 

w model wall 

» free stream 

Superscript: 

* conditions at Eckert's reference temperature (see eq. (5)) as described in 

reference 10 


APPARATUS AND TESTS 
Model 

The present test program included a portion devoted to studying film cooling by 
injection of a coolant through various types of noses. Film-cooling data, however, 
are not reported in this paper, but the cooling aspect plus the requirement to test 
the model near radiation equilibrium did influence the selection of nose shapes and 
some model design features. 

The model, shown in figure 1 mounted in the test section of the Langley 8-Foot 
High-Temperature Tunnel, consisted of a cone frustum, three interchangeable nose 
tips, three shock-layer flow survey rakes, and a boattail base. The structure of the 
model is shown in figure 2. The cone frustum was 63.6 in. long with a 3-f t-diameter 
base and a 12.5° half-angle. This frustum consisted of an outer 0.060-in- thick 
(±0.003) Rene 41 skin supported by an inner load-bearing structural shell. The outer 
skin was attached to the inner shell only at the forward end of the frustum, which 
was threaded for attaching the noses. The outer skin was supported by the inner 
shell through five insulated support rings shown in figures 2 and 3. These support 
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rings were made of segmented insulated pads interconnected by a spring-loaded mecha- 
nism that allowed the rings to expand as the outer skin expanded upon heating. (See 
insert in fig. 3. ) This mechanism was designed to allow the outer skin to reach tem- 
peratures up to about 2000°R without buckling. A 1 -in-thick blanket of insulation 
was strapped to the inner shell between the rings, as shown in figures 2 and 3, to 
reduce heat losses from the inside of the outer skin. The surface contour of the 
cone frustum was measured, and the maximum longitudinal waviness was ±0.050 in. with 
local angular deformations up to 0.1°. The cone frustum was painted to provide a 
uniform emissivity (0.8 ± 0.1) surface. 

The boattail cover shown in figure 2 had a 19.7° half-angle cone frustum, was 
36.3 in. long, and was made from 0.13-in-thick stainless steel. The purpose of the 
boattail was to protect the instrumentation wires and the remote multiplexed data 
system from the base flow. The rear of the boattail was attached to the sting, and 
the front was supported, but not restrained, by an aluminum ring. A 0.30-in. gap 
between the boattail and the cone frustum and a 0.15-in. backward-facing step allowed 
thermal growth and venting of the model during the entire test sequence. (See detail 
in fig. 2. ) 

The three nose shapes are shown in figure 4. The nose shown in figure 4(a) has 
a 3-in-radius spherical tip, which is attached to a 12.5° half-angle cone-frustum 
adapter, and is made from 0.9-in-thick mild steel. This nose configuration is 
referred to herein as nose R-3 (where the "R" designates radius and the "3" desig- 
nates the nose radius in inches). The nose shown in figure 4(b), and referred to as 
nose R-1, has a solid 1 -in-radius spherical tip of stainless steel and a 20° half- 
angle cone frustum. This nose is attached to a 0. 083-in- thick stainless-steel ogive 
frustum that has a 74.15-in. radius. The fineness ratio of the full ogive is 2.50. 
(The fineness ratio is the length of the ogive, with its front extended to a sharp 
tip and its base extended to a zero slope, divided by the base diameter.) The third 
nose (fig. 4(c)), referred to as nose R-S, has a 20° half-angle, solid sharp tip 
(actual nose radius was approximately 0.02 in.) attached to the same ogive frustum as 
in figure 4(b). The tips on the ogive frustum were internally spring mounted to the 
base of the ogive to allow thermal growth. High -temperature insulation was placed 
against the inside of the ogive shell to reduce heat losses from the skin to the 
interior of the model. All junctions between each of the model segments were smooth 
except for the ogive frustum, in which the base was oversized and resulted in a 
rearward-facing step about 0.005 in. high. 

Three sets of rake assemblies were used to survey the flow within the shock 
layer at three axial stations. Photographs of a rake assembly extended from the sur- 
face and retracted are shown in figure 5. Each rake consisted of three struts, a 
cover plate with a sharp beveled edge, and a floor plate with two static-pressure 
orifices between the struts. (See fig. 6.) Each strut contained either five pitot- 
pressure tubes, five sharp conical-tip static-pressure probes, or five stagnation- 
temperature probes. The heights of the probes above the surface were 0.20, 0.45, 
0.82, 1.25, and 1.75 in. The pitot probes were 0.50 in. long from the strut to the 
orifice and had a 0.060-in. outside diameter (O.D.) and a 0.040-in. inside diameter 
(I.D.). The static-pressure probes had a 7.1° half-angle conical tip, with an over- 
all length of 1.38 in. and an O.D. of 0.060 in. Four 0.020-in-diameter orifices 
spaced 90° apart and staggered 0.020 in. axially were a mean distance of 0.87 in. 
from the strut. Thermocouple wire beads (platinum versus platinum 13-percent 
rhodium) with single shielding platinum tubes were used for the temperature probes. 
These platinum shields had a 0.090-in. O.D. and a 0.072-in. I.D., and the end of each 
shield was 0.5 in. from the edge of the strut. Each rake was injected into the flow 
field of the cone by a double-acting pneumatic piston. Because disturbances in the 
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flow field due to the cover plate were considered a possibility, a fixed-rake assem- 
bly without a cover plate was also tested. The fixed-rake assembly consisted of a 
single strut, a floor plate, and five pitot probes spaced the same as on the movable 
rake assembly. 

The rake assembly had clearance gaps of about 0.003 in. between the cover plate 
and frame. (See fig. 5.) The frame of the rake assemblies was attached to the outer 
skin of the cone frustum that was free to grow thermally. Despite the clearance 
gaps, local thermal distortions of the rake assembly sometimes prevented a rake from 
fully extending into the flow; thus rake data were not obtained for several model 
runs. Also, when the rake was retracted, as seen in figure 5(b), an open slot was 
formed between the lower beveled edge of the cover plate and the underside of the 
adjacent frame. The slot was about 0.06 in. high by about 2.75 in. long. The gaps 
and slot allowed some possible venting between the exterior and interior of the cone. 
Even though the cavity beneath the rake assembly was enclosed to prevent hot gas from 
entering the interior of the model, venting could still occur through instrumentation 
holes at the bottom of the rake assembly. In addition to the gaps and backward- 
facing slot, two other sources of roughness around the rake assemblies were the 
slight steps between the rake frames and the outer skin of the cone and the screw- 
heads that were only somewhat smoothed by ceramic cement. 


Instrumentation 

The outer skin of the cone frustum was instrumented with 101 chrome 1-alumel 
30-gage thermocouples and 30 surface-pressure orifices. The circumferential angular 
position <p and the surface distance s, measured from the stagnation point, are 
used to locate surface orifices and thermocouples. (See fig. 7.) The distance s 
to an instrument on the cone surface thus is different for each nose. Tables I 
and II give the coordinates for the instrumentation on the cone frustum and on the 
noses, and the thermocouple locations are shown schematically in figure 8. The 
thermocouples (denoted by T) are located at <p increments of 22.5°, and the 
pressure orifices (denoted by P) are at increments of 45°. The individual 
thermocouple wires, with expansion bends, were spot-welded to the inside surface. 
Special provisions were taken to ensure that each thermocouple lead was secured to 
prevent shorting and erroneous readings. Thermocouple attachment points were a 
minimum of 1-in. distance from any lumped mass to minimize conduction errors. 

The pressure tubes, 0.090-in. O.D. and 0.060-in. I.D., were welded to the inside 
of the skin of the cone frustum and connected to strain-gage-type pressure trans- 
ducers located within the model. Each tube was leak checked after installation. Two 
pressure tubes, one on the most windward ray and one on the most leeward ray, were 

attached to the boattail skin 3 in. from the base of the cone to measure the base 

pressure of the model. Additional thermocouples and pressure gages were mounted 

inside the cone at various locations to monitor the internal environment. 

Nose R-3 had surface-pressure orifices at seven locations (fig. 9(a)). Unfortu- 
nately, the orifices were not in the pitch plane of the model because of an alignment 
problem. The pressure gages used for these seven orifices were small solid-state 
transducers with an operating-temperature limit of 860°R. The gages were mounted 
inside the nose in a region where the temperature remained low. 

The ogive frustum used for noses R-1 and R-S contained 24 chromel-alumel 
30-gage thermocouples spot-welded to the inside surface along three longitudinal rays 
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(fig. 9(b)). Nose R-1 also had a single pressure orifice at the axis of symmetry of 
the tip. Nose R-S contained no pressure orifices. 


Test Facility 

The Langley 8-Foot High-Temperature Tunnel (formerly the Langley 8-Foot High- 
Temperature Structures Tunnel) is a large blowdown tunnel that simulates aerodynamic 
heating and pressure loading for a nominal Mach number of 7 at altitudes between 
80 000 and 120 000 ft. (See fig. 10.) The high energy needed for simulation is 
obtained by burning a mixture of methane and air under pressure in the combustor and 
expanding the products of combustion through a conical-con toured nozzle into the 
open- jet test chamber. The flow enters a supersonic diffuser where it is pumped by 
an air ejector through a mixing tube and exhausted to the atmosphere through a sub- 
sonic diffuser. The tunnel operates at total temperatures from 2400°R to 3600°R, 
free-stream dynamic pressures from 250 to 1800 psf, free-stream unit Reynolds numbers 

ft ft 

from 0.3 x 10 to 2.2 x 10 per foot, and has a maximum run time of 120 sec. 

The model is stored in the pod below the test stream to protect it from adverse 
tunnel start-up loads. Once the desired flow conditions are established, the model 
is inserted into the test stream on a hydraulically actuated elevator. Insertion 
time from the position where the top of the cone entered the flow until the nose was 
at the nozzle centerline was typically 1.5 sec. The model pitch system provides an 
angle-of-attack range to 20°. More detailed information about the tunnel can be 
found in reference 16. A single-pass on-axis schlieren system consisting of 2-ft- 
diameter mirrors, a horizontal knife edge, a 5-psec-duration xenon-arc lamp, and a 
70-mm camera, which operated up to 20 frames per second, was used for obtaining 
either schlieren or shadowgraph images. 


Test Conditions and Procedures 

The model with the three nose configurations was tested in a total of 17 runs, 
as summarized in table III. The angle of attack was varied from 0° to 10°. (The 

model was pitched down for angle of attack.) Unit Reynolds number was varied only 

with nose R-3. The highest Reynolds number condition was selected for the other two 
configurations to provide the highest heating rates. Table IV gives the test condi- 
tions for each run. The total temperature T^ was measured in the combustor. The 
free-stream unit Reynolds number and Mach number were calculated by using measured 
pressures and temperatures from free-stream surveys (a typical survey is reported in 
ref. 16) and the thermal, transport, and flow properties of methane-air combustion 
products as reported in reference 17. 

The test procedure consisted of first establishing steady flow conditions in the 
tunnel; next, the model was pitched to the desired angle of attack and inserted into 

the test stream. (The model was left in the stream for times up to 40 sec to obtain 

high surface temperatures for a future comparison with tests made with a coolant.) 
Representative time histories of several tunnel parameters are shown in figure 11. 

The model static pressure sometimes showed a slight overshoot because of a transient 
adjustment of the test-chamber pressure with model entry and exit. Cold-wall heating 
rates were calculated from the thermocouple outputs after the model pressure had 
stabilized. The three shock flow-field survey rakes were usually extended from the 
model after the flow was established about the model. For runs 4, 5, and 12, the 
rakes were fixed in the out position prior to model insertion, and heating results 
are not presented for these runs. 
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Remote Multiplexed System and Data Processing 


An advanced fiber-optic-linked data system, the remote multiplexed system (RMS), 
was housed in the model base area. (See fig. 2. ) The advantages of the RMS are 
(1) it transmitted data from 192 channels through a simple fiber-optic cable, thus 
providing more room in the sting for additional conventional instrumentation leads; 
and (2) it provided data with reduced electrical noise because of the fiber-optic 
transmission line. Each RMS data channel was sampled 20 times per second, and all 
192 data channels were scanned in 9.6 msec. The RMS transmitted data through the 
fiber-optic cable to a main control unit, located outside the wind tunnel, which was 
hard wired to a minicomputer where the data from the RMS plus data transmitted by 
conventional wiring were processed. All data signals from the RMS were filtered at 
6 Hz; data not going through the RMS were filtered at 10 Hz. Additional information 
on the RMS and data processing can be found in reference 18. 


Data Reduction and Uncertainties 

Pressure data were obtained with strain-gage transducers having an accuracy of 
0.25 to 0.40 percent of full scale. Gage ranges were selected to be compatible with 
anticipated measurements. Thermocouples for measuring model temperature were 
premium-grade chromel-alumel thermocouple wire which is accurate to within ±2.0°R; 
the thermocouple reference-temperature junction was accurate to within ±2.0°R. 

The overall accuracy of the signal processing and recording equipment is esti- 
mated to be within ±1 percent. Some features of the equipment that assure data 
accuracy are: (1) The pressure-gage data are computer compensated for reduced 

applied voltage at the strain-gage circuit because of line losses; (2) the pressure 
gages are automatically spanned with a precision resistor just before and after data 
are obtained as a check against any drift; and (3) the computer performs an automatic 
calibration of the data -conditioning equipment by using a secondary voltage standard 
and making any necessary corrections. This calibration also was performed on thermo- 
couple data. (Only (2) was applied to data obtained through the remote multiplexed 
system. ) 

Heating rates were calculated from the temperature-time slope by using the one- 
dimensional transient heat-balance equation: 


*T,v " '"pW 11 <’> 

The temperature- time slope AT W /At was calculated every 1/20 sec with time steps At 
of 1.0 sec by using a central difference method. More sophisticated difference meth- 
ods, such as a 5-point central difference approximation used in reference 19 on a 
model also tested in the 8-ft HTT, were not found to be any more accurate for the 
present tests. The wall temperature T^ of the model was generally above ambient 
temperature (540°R) by the time that the model got to the flow centerline and the 
model pressures had stabilized. (See fig. 11.) The maximum T w reached before 
equation (1) could be applied was 720°R. (This was on the windward side at 
a = 10°. ) The calculated values of the heat-transfer rate were extrapolated to the 
isothermal (cold) wall temperature of 540°R by using the following equation, based on 
the assumption of a constant heat-transfer coefficient: 
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540°R 


(2) 


q 




The mean combustor temperature was used in place of the adiabatic wall tempera- 

ture T aw as a simplification; this gave a maximum error of about -1 .5 percent. 

The physical properties of the ogive and cone frustums are given in table V. 
Heating-rate errors caused by the different radii of curvature between inner and 
outer surfaces were estimated by the method of reference 20 to be no greater than 
2.7 percent, and no corrections were made on the data. The time responses of the 
ogive- and cone-frustum skins were estimated to be less than the time required for 
model entry and flow stabilization; this means that for the times at which heating 
rates were calculated, the inner surface of the skin was fully responding to the 
heating rate. Heating-rate errors due to circumferential conduction errors in the 
skin were estimated, by following the procedure of reference 21, and were found to be 
about -1 percent at the times that the heat rates were calculated. The only signifi- 
cant error in calculating heating rates from the measured temperature-time rates was 
in conduction in the thermocouple wires. This error was estimated to be about 
-7 percent according to the methods of reference 22. No corrections were made for 
the skin and thermocouple-wire conduction errors. The aforementioned errors plus 
other uncertainties such as material properties, skin thickness, and so forth give a 
most probable (root-mean-square) overall error in measured heat-transfer rate of 
-5.8 ± 3.1 percent. 

Shock shapes were obtained from prints of shadowgraph or schlieren images by 
reading the prints with a magnifying lens having precision grid marks. Errors in 
reading the prints are about ±5 percent. For nose R-3, the shock shape was obtained 
from schlieren prints; and for the other nose configurations, measurements were made 
from shadowgraph prints. Because a collimated light beam was used in the test sec- 
tion, no relative displacement errors in shock standoff distance occurred between 
schlieren and shadowgraph images. 

Shock-layer Mach numbers were calculated from measured static- and pitot- 
pressure measurements by the Rayleigh pitot formula. The survey-rake static pres- 
sures were compared with those from a precision low-pressure gage (mounted in the 
tunnel pod) prior to model insertion, and the pressures were accurate to within 
±2 percent. Possible sources of error for static pressures after model insertion 
were investigated. The first was overexpansion of the flow past the cone-cylinder 
shoulder of the probes. For the present probes, the orifices were six tube diameters 
downstream from the shoulder. Conventional design would have the orifice 10 diam- 
eters from the shoulder (ref. 23). Numerical results from reference 24 indicated 
that for the present probe design and Mach number range, the static pressures were, 
at most, 8 percent low because of overexpansion, and the error decreased with lower 
Mach numbers. A second possible static-pressure error is the induced pressure from 
the boundary-layer displacement thickness of the probe. The induced pressure was 
estimated from reference 23 to give a maximum pressure error of about 4 percent. The 
net result of the aforementioned two errors is an error in Mach number of about 
2 percent. No corrections for these errors were made in the data. The error due to 
separation at the probe struts was not considered significant because the orifices 
are far (14 diameters) from the struts and the struts have a sharp edge. Thermo- 
molecular effects (ref. 25) on static and pitot pressures were estimated but found to 
be negligible. 
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PREDICTION METHODS 


Predictions were obtained by using a series of computer codes which compute the 
outer inviscid flow field independent of the boundary layer. Perfect gas thermo- 
dynamic and transport properties for air at y = 1 .4 were used in the analysis. 
Additional calculations were made for y = 1.275 and are discussed in later sec- 
tions. For the nominal flow condition, N Re = 1 .4 x 10° per foot, the calculated 
free-stream Mach number, static pressure, and static temperature were 6.7, 0.29 psia, 
and 400°R, respectively. Pressures and heating rates were nondimensionalized by the 
stagnation-point values. The stagnation-point heating rate was calculated from the 
theory of Fay and Riddell (ref. 26) by using properties for methane-air combustion 
products. The total enthalpy (1000 Btu/lbm) used in the analysis corresponded to 
that for methane-air combustion products at a total temperature of 3300°R. 

The first step in computing the flow about the model was to define the body 
geometry. This was done by using a computer code (ref. 27) which combines analytical 
curves to form a continuous body surface. Theoretical pressure distributions on the 
model were then obtained by first computing the inviscid subsonic-transonic flow over 
the nose of the model by using a time-asymptotic technique to integrate the three- 
dimensional time-dependent Euler equations (ref. 28). The solution was continued 
downstream where the local flow is supersonic by using a finite-difference marching 
technique, referred to as STEIN (supersonic three-dimensional external inviscid), to 
integrate the three-dimensional, steady-state Euler equations (refs. 7 and 8). 

The coordinate system used in the computations is shown in figure 12. Only half 
of the flow field is computed, as indicated in figure 12, because of symmetry. For 
the R-3 and R-1 configurations, a subsonic-transonic code (ref. 28) was used from the 
stagnation point to x / r n =0.7 where the axial Mach number was sufficiently super- 
sonic. The grid specified in this region was 11 x 19 x 19 in the r-, 9-, and 
sP-directions, respectively. At x / r n = 0.7, all x 19 point starting plane grid in 
the r- and ^-directions was specified for the supersonic inviscid solution. The grid 
was changed to 21 points in the r-direction at x / r n = 1*5 and to 60 points in the 
SP-direction at x/r n = 2.0. A small amount of smoothing was applied to the inviscid 
calculation to ensure a smooth solution. 

Heat-transfer distributions on the cone were obtained by using two separate 
codes for the laminar and turbulent calculations. Surface pressures and velocity 
vectors from the inviscid analysis were used as input to a code which calculated 
laminar heating rates (ref. 9) by using a method based on the axisymmetric analogue 
developed by Cooke (ref. 29). Boundary-layer edge properties for the heat-transfer 
calculation were obtained by assuming isentropic flow from the stagnation point. The 
inviscid velocity vectors were used to calculate streamlines and metric coefficients 
along the body. Heating rates were calculated along streamlines by using the axi- 
symmetric analogue. Rather than solving the complete axisymmetric boundary-layer 
equations, an approximation technique described in appendix C of reference 9 was used 
to obtain laminar heating rates. Since these relations apply only to laminar bound- 
ary layers, a second code described in references 14 and 15 was used to calculate 
turbulent heating rates. This code solved the complete turbulent axisymmetric 
boundary-layer equations by using the edge conditions and metric coefficients 
obtained from the inviscid solution. Also, the code (refs. 14 and 15) was used to 
calculate boundary-layer thickness for both laminar and turbulent conditions. 

The following two equations were used to calculate laminar- and turbulent- flow 
heating rates on the 12.5° cone frustum for each angle of attack by assuming a sharp 
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cone at an equivalent angle to the flow (i.e., no crossflow) 
turbulent equations are, respectively. 


The laminar and 


N* t = (0.575) (N* r ) 2/3 (N* e ) 1/2 

N* = (2.25) 1/S (0.0296) (N* )“ 2/3 (N* )" 1/5 


(3) 

(4) 


The * signifies that the gas properties were evaluated at Eckert's reference 
temperature T*, which is given by 


T* = T e + 0.50(T W - T e ) + 0.22(T aw - T g ) 


(5) 


and is discussed as equation (35) in chapter 13 of reference 10. The parameters 

N* and N* were calculated by using oblique shock relations for methane-air 
P r Rg 

combustion products. Equation (3) is presented as equation (30) in reference 11, but 
in the form of a Nusselt number N Nu . The N st is related to Nusselt number as 
follows : 


N 


N 


Nu 


St 


N N 
Pr Re 


The coefficient 0.575 in equation (3) includes the factor (3) 1 / 2 , which is a 
transformation from flat plate to conical laminar-flow conditions; this factor is 
discussed in reference 11 and was derived in references 12 and 13. Equation (4), 
without the factor (2.25)**/^, is presented as equation (22) in reference 11, but 
again in the form of Nusselt number. The factor ( 2 . 25 ) 1 / 5 , which is a transformation 
from flat plate to conical turbulent-flow conditions, was derived in appendix C of 
reference 13. 

For convenience in the present report, equations (3) and (4) are referred to as 
the semiempirical methods (ref. 11). 


DISCUSSION OF RESULTS 

The results in the present paper consist primarily of model pressures and heat- 
ing rates. However, shock shapes and shock-layer flow-field surveys were also 
obtained in order to characterize the flow field around the model, and these data are 
presented first. Next, pressure and heating-rate data are given in an overview 
format to characterize data trends and to make comparisons with predictions. Not all 
model pressure and heating data are discussed in the report? however, all model data 
are tabulated. The pressure data are given in table VI, and the heat-transfer data 
are given in table VII. Detailed results of effects of free-stream unit Reynolds 
number, angle of attack, nose shape, and transition location are discussed in later 
sections. 
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Shock Flow Field 


Shock shape . - Schlieren and shadowgraph photographs of the shock shape over the 
three nose configurations are shown in figure 13 for oc = 0° and a nominal unit 
Reynolds number of 1*4 x 1 0 6 per foot. In figure 13(a), weak shocks originating at 
the surface junctions are present. The shock coming off the backward- facing step at 
the ogive /cone junction can be seen in figures 13(b) and 13(c). A shock originating 
at the 20° frustum/ogive junction for nose R-S is seen in figure 13(c), but no shock 
is visible for nose R-1 (fig. 13(b)). No estimate of the effects of these junction 
shocks was made; but, as discussed later, pressure measurements were in good agree- 
ment with predictions, thus indicating that the shocks were weak and had little 
effect. 


Measured and predicted shock shapes are compared in figure 14. The predictions 
were obtained from the codes described in references 8 and 28 by using y = 1.4, 
which is within ±1 percent of the free-stream y for the 8-ft HTT. In general, 
predicted shock standoffs are in fair agreement with but exceed the measurements. 

Normalized shock-standoff values are presented in figure 15 for the nose R-3 
at a = 0°. At the stagnation point, measured shock standoff is x/r n = “0*114. The 
same value was obtained for a 6-in-radius nose tested at M = 6.85 in the 8-ft HTT 
(ref. 30). For y = 1.4, the predicted value of -0.144 is 26 percent greater than 
that measured at the stagnation point. Downstream from the stagnation point, the 
percentage agreement improves to about 5 percent at x/r n = 2.9. Previous studies 
have shown that the shock standoff decreases for a real gas compared with an ideal 
gas and that normal-shock density ratios are higher for real gases. (See ref. 31, 
for example.) Miller (ref. 32) has shown that ideal-gas-constant y inviscid codes 
(y was kept constant in using the codes of refs. 8 and 28) can predict the shock 
standoff provided y is calculated from the correct normal-shock density ratio. In 
order to approximately assess real-gas effects on shock standoff, an estimated 
normal-shock density ratio Pg/Po, of 7.12 was used in the following normal-shock 
equation (with M^ = 6.7) to calculate a y of 1.275: 



Shock-standoff predictions made with y = 1.275 give x / r n = -0.109 at the stag- 
nation point, which is within ±4 percent of the measured value. As shown in fig- 
ure 15, the predicted shock-standoff distance for y = 1.275 is in excellent agree- 
ment with measured values downstream of the stagnation point. This agreement in 
shock standoff using a lower y is consistent with the fact that although the free- 
stream y in the 8-ft HTT is close to 1.4 (about 1.38), real-gas effects cause a 
lower y in the stagnation-region shock layer. 

Flow-field surveys .- Flow-field survey results are presented in figures 16, 17, 
and 18. In figures 16 and 17 the Mach number is plotted as a function of the dis- 
tance normal to the cone surface for three rake locations with the model at a - 0° 
for noses R-3 and R-1, respectively. Measurements are compared with corresponding 
predictions for the STEIN code (ref. 8) for y = 1.4 and 1.275. The measured Mach 
numbers were obtained from the Rayleigh pitot formula by using the measured ratio of 
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static pressure to pitot pressure. Data in figure 16 were calculated only for 
y = 1.4. The effect of y - 1.275 on the data can be seen in figure 17. Estimates 
of boundary-layer thicknesses at the rake locations were obtained from boundary-layer 
calculations by using the method described in reference 15. (In the present esti- 
mates, turbulent flow was assumed to start at the stagnation point.) In general, the 
Mach number data agree best with the lower y predictions from STEIN. 

The measured data at r\ = 1.75 in. appear to be diverging from the predictions. 
(See fig. 16(a).) For nose R-3, pitot-pressure data obtained at s c = 14.8 in. 

(run 5 data) without the cover plate were about 11 percent lower at r\ = 1.75 in.; 
this reduced the Mach number by about 6 percent. (Static pressures from run 4 with 
the cover plate were used.) This suggests that the cover plate did cause a small 
flow disturbance on the probes at n = 1 *75 in. However, this flow disturbance does 
not fully explain the divergence of the Mach number data from the predictions. 

Cleary (ref, 33) predicted peaks (which exceed sharp-cone values) in total pressure 
and Mach number in the shock layer for blunt cones due to overexpansion effects in 
the shock layer. He also measured pitot-pressure peaks. It is speculated that the 
present data at r\ = 1.75 in. are indicative of such peaks, which were not predicted 
by STEIN. 

The results in figure 16 for the Reynolds number ranges indicate that the Mach 
number profiles are independent of Reynolds number over the range tested. A com- 
parison between the R-3 and R-1 results (figs. 16 and 17, respectively) shows lower 
Mach numbers near the cone (with nose R-3) surface because of higher entropy effects 
of the blunter nose. 

As will be shown later from the heating data, the boundary layers at rakes 1, 2, 
and 3 were laminar, transitional, and transitional, respectively, for nose R-3; and 
transitional, transitional, and turbulent, respectively, for nose R-1. This informa- 
tion, together with boundary-layer thickness estimates noted in figures 16 and 17, 
indicates that the probes at n = 0.2 in. for the third rake were well into a 
turbulent boundary layer. 

The corresponding total- temperature profiles at a = 0° are presented in fig- 
ure 18 with the measured temperature normalized by the combustor total temperature. 
The profiles are flat at T/T^ = 1.0 except near the model surface, which indicates 
that no appreciable loss occurred in total temperature in the shock layer for either 
nose bluntness. 


Pressure Distributions 

The pressure distributions normalized to stagnation values for three runs with 
nose R-3 for identical conditions at a = 0° are given in figure 19. These data 
show the good repeatability in longitudinal and circumferential pressure distribu- 
tions obtained in the present tests. Measured and predicted longitudinal and circum- 
ferential pressure distributions are given for the three nose configurations at 
N Re = 1.4 x 10 6 per foot (nominal value) in figures 20, 21, and 22. On the windward 
ray, <p - 0°, the predictions from STEIN (ref. 8) are in agreement with the data for 
all three nose shapes for the present range of angle of attack. Data on the windward 
ray converge to the sharp-cone values (ref. 34) for y = 1.4. All predictions shown 
from STEIN are for y = 1.4, except for one prediction using y = 1.275 (fig. 20(a) 
with <p - 0°) which gave lower pressures by up to 10 percent when compared with 
Y = 1.4 values. From the limited pressure data obtained on the leeward ray, 

<p = 180°, it appears that the STEIN code (ref. 8) overpredicted the pressure 
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immediately downstream of the nose and predicted the measured pressures near the rear 
of the cone to within experimental accuracy. 

The longitudinal pressure distributions for noses R-1 and R-S, shown in fig- 
ures 21(a) and 22(a), respectively, indicate the same trends as figure 20(a). The 
STEIN code predicts the data for nose R-1 better at a = 0° and 5° than at a = 10°, 
where STEIN overpredicts the pressure with increasing error down the length of the 
model. The probable reason is that as the entropy layer thins, far downstream of the 
stagnation point, sufficient points cannot be kept in the entropy layer. The version 
of STEIN used in the analysis does not adjust or cluster the grid spacing, and 
increasing the number of grid points to improve accuracy would have been cumbersome. 
The data shown in figure 22 for nose R-S are compared with predictions from the STEIN 
code for nose R-1. 

Circumferential pressures for nose R-3 are shown in figure 20(b) at two longi- 
tudinal stations. The uniform distributions at a = 0° at both stations indicate 
that the model was in alignment with the tunnel flow. The STEIN code predicted the 
pressures except near the leeward side for a = 5° and 10°. For noses R-1 and R-S, 
circumferential pressure distributions similar to those for nose R-3 are shown in 
figures 21(b) and 22(b), respectively. 


Heating-Rate Distributions 

The cold-wall heating rates were normalized by the calculated stagnation-point 
heating rate obtained by the method of Fay and Riddell (ref. 26). For the R-S 
(sharp) nose configuration, the local heating rates were normalized by the stagnation 
value of the 1 -in-radius nose. Laminar heating rates are compared with the theory of 
Hamilton (ref. 9), and turbulent heating rates are compared with the method of refer- 
ence 15 and with the semiempirical turbulent method described in reference 11. 
Sharp-cone pressures were used in this method since the purpose of comparison was to 
establish the magnitude of turbulent heating. The detailed results of free-stream 
unit Reynolds number, angle of attack, nose shape, and transition location are 
discussed in later sections. 

Heat-transfer data are given in table VII and windward-side data are presented 
in figures 23 to 26 for the three model configurations at the highest Reynolds number 
test condition, N Re = 1 .4 x 10 6 per foot (nominal value), and at angles of attack 
of 0°, 2.5°, 5°, and 10°. The heating distributions for three runs with nose R-3 at 
identical conditions at a = 0° are given in figure 23. The longitudinal distribu- 
tions in figure 23(a) repeat for the three runs and show that transitional flow is 
experienced at this condition. 

Circumferential heating distributions at s = 65.95 in., where the boundary 
layer is transitional, are generally repeatable for a range of from -68.5° 
to 112.5°, which is behind the two retracted rakes indicated in the figure by the 
arrows. However, the heating varied over the rest of the model for the three runs, 
thus indicating a randomness of the beginning of transition. Also, note that the 
increased heating level behind rake 1 (<P - -45°, s = 23.5 in.) extends over a 
broader area than that for rake 2 (<£ = 90°, s = 47.0 in.). The indicated spreading 
effect with longitudinal distance is characteristic of the turbulent wedge produced 
by tripping of the flow by the retracted rakes. A rake assembly, even when 
retracted, provided enough of a disturbance to trip the flow, probably because of 
surface roughness from the screwheads and the beveled leading edge of the cover plate 


13 


that formed a spanwise rearward-facing step. Mass flow rates through the rake- 
assembly gaps (see fig. 5) due to possible venting were estimated by using pressure 
data, but no pattern of blowing or suction was found that indicated venting was the 
reason the retracted rakes tripped the flow. 

The method of Hamilton (ref. 9) is in good agreement with the laminar data for 
a = 0°, as seen in figure 24(a) for nose R-3. At a = 10° the flow at the rear of 
the cone was fully turbulent, as shown in figures 24(a) and 24(d); the semi empirical 
turbulent method predicted the turbulent heating levels within about 15 percent. 
However, the turbulent method of reference 15 considerably underpredicted the turbu- 
lent heating levels. None of the aforementioned three prediction methods include 
entropy swallowing in the boundary layer. Lack of entropy swallowing will result in 
underprediction of heating, and greater errors will occur in turbulent flow than in 
laminar flow. Experimental turbulent heating data for a tangent ogive at Mach 6, 
when compared with predictions (presented in ref. 35), indicated that neglecting 
entropy swallowing resulted in an error of about -35 percent, but including entropy 
swallowing reduced the error to -15 percent or less. Thus, it is possible that lack 
of entropy swallowing may account for the underprediction by the turbulent method of 
reference 15. Similar measured longitudinal heating trends for noses R-1 and R-S are 
seen in figures 25(a) and 26(a), respectively. The laminar theory of Hamilton is in 
good agreement with the laminar heating data over the ogive portions of these con- 
figurations. For nose R-S, the laminar heating prediction shown is for nose R-1. 

Circumferential heating distributions for nose R-3 are shown in figures 24(b) 
to 24(d). The semiempirical method (ref. 11) was used to indicate the level of 
turbulent heating expected. The circumferential distributions at a = 0° for three 
body stations are shown in figure 24(b); at s = 16.87 in. the heating corresponds 
to laminar flow around the body and is in good agreement with the method of Hamilton 
(ref. 9). Additional angle-of-attack data and further discussion are given in a 
subsequent section entitled ’’Effects of Angle of Attack.” 


Effects of Reynolds Number 

The effects of free-stream unit Reynolds number on the pressure and heating are 
shown in figure 27 for a = 0°. As seen in figure 27(a) at <p = 0°, both the nor- 
malized longitudinal pressure data and the normalized laminar heating data are inde- 
pendent of Reynolds number, and transition moves forward with increasing Reynolds 
number. The circumferential pressure distribution is independent of Reynolds number, 
as shown for s = 66.73 in. in figure 27(b). However, the circumferential heating 
distribution shows that the lowest Reynolds number (thicker) boundary layer is less 
sensitive to tripping by the retracted rakes, as seen where rake 1 did not trip the 
boundary layer at <P = -45°. 

In figure 28, the longitudinal heating-rate distributions at a = 10° for two 
Reynolds numbers are presented for nose R-3. The location of the start of transition 
on the windward plane, <p = 0° , moves forward with increasing Reynolds number as 
transition did for ot = 0°. On the leeward side, <P = 180°, the location of transi- 
tion moves forward for the higher Reynolds number but not to the same extent as on 
the windward side. 
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Effects of Angle of Attack 


Pressure data ,- The effects of angle of attack on the windward pressure are 
shown in figures 20(a), 21(a), and 22(a) for the three nose shapes. As the angle of 
attack is increased, the measured pressure distribution reaches the sharp-cone pre- 
dictions (ref. 34) closer to the nose of the model, thus indicating that the flow 
overexpansion at the nose decreases with increasing a. On the leeward side, 

<P = 180°, of the model not enough data were obtained to define the pressure 
distribution. 

The circumferential pressure distributions for noses R-3 and R-1 show a gradient 
reversal near the leeward side at the highest angle of attack near the base. (See 
figs, 20(b) and 21(b), respectively.) The cause of the reversal is not known but 
there are three possibilities: (1) The base pressure was higher than the most rear- 

ward cone pressure on the leeward side, except for run 10 which was the lowest 
Reynolds number run. The high base-pressure conditions can be seen by a comparison 
of base pressure and most leeward surface (P25) pressures in table VI (c); this high 
base pressure could cause the increased pressure at <P = 180°. (2) At angle of 

attack the flow overexpanded to a minimum pressure and then recovered at the most 
leeward ray, <p = 180°. The pressure data from Stetson (ref. 36) for a sharp 5.6° 
half-angle cone at ct = 2° showed a minimum in pressure at about *p = 160° prior to 
any flow separation. Rakich and Cleary (ref. 37) indicate that inviscid calculations 
for blunt cones predict a pressure minimum near <p = 150° with a recompression of 
the flow approaching y? = 180° even for an angle of attack greater than the cone 
half-angle. The minimum pressure for ^ less than 180° predicted by the STEIN code 
is probably qualitatively correct but not accurate because of likely numerical limi- 
tations at the low pressures on the leeward side (ref. 37), and because the flow 
field is influenced more by viscous effects on the leeward side than on the windward 
side. (3) The most likely possibility for the pressure increase at y? = 180° is 
flow separation with subsequent reattachment. Separation has been observed on 
slender sharp cones at angles of attack less than the body half-angle (ref. 36). 
However, pressure data by itself are not sufficient to verify separation. 

Heating data .- Figure 29 presents the longitudinal distributions of heating for 
noses R-3 and R-1 for three angles of attack. The effect of angle of attack on the 
longitudinal heating distribution on the windward side is to move the start of 
transition forward. This effect can be seen for noses R-3 and R-1 in figures 29(a) 
and 29(b), respectively, and for nose R-S in figure 26(a). The forward movement of 
transition for the R-3 nose shape was greater than for the R-1 nose shape between 
a = 0° and 5°, whereas the movement for a = 5° to 10° was about the same. Similar 
trends are seen on the leeward side, although angle of attack does not affect the 
movement of transition as much. The possible effect of flow separation and reattach- 
ment heating on the leeward ray, y? = 180°, at a = 10° can be seen in figure 29(b) 
past s = 65 in., where the heating data increase above the apparent fully turbulent 
level established between s = 35 and 65 in. For this run (run 14), the base pres- 
sure was higher than the cone pressure on the leeward side at the rear of the model 
(see table VI(c)), and the high base pressure could have caused separated flow with 
possible reattachment. It is not known if the high base pressure led to the observed 
increase in heating since separation and reattachment can also be related to angle of 
attack independently of base pressure. (See ref. 36.) However, it is well-known 
that reattachment of separated flow increases the heating along the reattachment 
line. 
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Effects of Nose Shape 


The effects of nose shape on the longitudinal and circumferential pressure and 
heating distributions are presented in figures 30 to 33 for the nominal test condi- 
tion at N Re = 1.4 x 10 6 per foot. The data are plotted against s , which is the 
surface distance measured from the start of the cone frustum, to align all the data 
stations. The longitudinal normalized pressure distributions for all three model 
configurations are presented in figure 30. Increased bluntness delayed the model 
pressures from reaching the sharp-cone values because of overexpansion of the flow 
from the model nose as the flow adjusted to the cone section. The results presented 
in figure 31 show that the effect of nose shape on the circumferential pressure dis- 
tribution decreased with increasing distance from the nose. 

The effects of nose shape on the longitudinal heating distribution are presented 
in figure 32 in which the measured values are normalized by the calculated stagnation 
value for r R = 1 in. The actual magnitudes of the laminar and turbulent heating 
rates at given stations were independent of nose shape except on the leeward side. 

The most prominent effect of increasing bluntness is to move the start of transition 
rearward. This movement of transition location for an angle of attack greater than 
0° is more sensitive to nose shape on the leeward side than on the windward side. 

The precise start of transition is difficult to determine for nose R-S at ct = 10°, 
since it apparently occurred very near the sharp tip. The steplike increase in lee- 
ward heating that occurs near the base for all three nose shapes was probably due to 
reattachment of separated flow as discussed earlier. 

The circumferential heating distributions, shown in figure 33, indicate that at 
ct = 0° the boundary layer is turbulent for the R-S and R-1 nose shapes and transi- 
tional for the R-3 nose shape. The distribution for nose R-3 illustrates the effects 
of the rake cover plate in tripping the flow. From the distribution at a = 10°, it 
appears that only a narrow band near = 180° was affected by the variation in nose 

bluntness. Apparently, the nose shape significantly affected the structure of the 
leeward flow, thus causing the differences in surface heating seen in figure 33(b). 

The longitudinal heating distribution on the ogive frustum for both noses R-1 
and R-S is given at three circumferential locations in figure 34. At a = 0° 

(fig. 34(a)), the longitudinal heating is independent of <P, which indicates true 
zero angle of attack. At ct = 10° (fig. 33(b)), the longitudinal heating for noses 
R-1 and R-S agrees for both <P = 0° and <p = -90°. However, for <p = 180° (the 
most leeward ray), the data diverge down the length of the ogive because of transi- 
tional flow for nose R-S, whereas the boundary layer for nose R-1 remains laminar. 

Longitudinal laminar and turbulent heating data for the R-S and R-1 nose shapes 
are presented in terms of N* t plotted against N*^ in figure 35 at ct = 0° for 
the purpose of comparing with similar data from reference 3. (The two dashed-line 
curves represent the band of data from ref. 3.) Overall agreement of the present 
data with data from reference 3 is good for the laminar and fully turbulent heating 
levels. The present fully turbulent data are lower than the corresponding prediction 
curve by about 15 percent, whereas the data of reference 3 show better agreement. 

The present laminar data are lower than the corresponding prediction curve by about 
17 percent and are in agreement with the data of reference 3. The difference in the 
ratio of wall temperature to total temperature and in the free-stream unit Reynolds 
numbers between the present and the test conditions of reference 3 is accounted for 
by the correlation method. 
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Location of Start of Transition 


Several investigators have studied the effect of angle of attack on transition. 
(For example, see refs. 1 to 3. ) However, the question of transition movement with 
angle of attack still appears to be open. Based on the general agreement between 
theory and experiment among researchers, Stetson (ref. 1) indicated that increasing 
the angle of attack for a sharp cone causes a rearward movement of transition on the 
windward ray and a forward movement on the leeward ray. However, the effect that 
nose bluntness has on transition movement with angle of attack has not been well 
established. As noted earlier, the effects of increasing angle of attack and 
decreasing nose bluntness resulted in moving transition forward on the model for the 
present data. These effects are summarized in figure 36 in a form used in other 
studies. The location of the start of transition (surface distance from the stagna- 
tion point) normalized by the start of transition for a sharp tip at a = 0° is 
plotted against angle of attack. In this figure, an increasing value of normalized 
s tr means a rearward movement of the start of transition. 

The present data are given in figure 36(a), and the data from references 1, 2, 
and 3 are given in figures 36(b), (c), and (d), respectively. The present sharp-nose 
data of figure 36(a) indicate that transition moved forward with angle of attack on 
both the windward and leeward sides of the model. The data from all three references 
shown in figure 36 agree with this trend for the leeward side, but they do not agree 
for the windward side. The present data may differ from the other data because of a 
bluntness effect of the ogive frustum even though the tip was sharp. All blunt data 
in figure 36 show, in general, that increasing bluntness moves transition rearward on 
both the windward and leeward sides. The present data on the windward side at 
a = 10° show little effect of bluntness; this is in contrast to the data in fig- 
ures 36(b) and 36(d), but in agreement with figure 36(c). The blunt leeward-side 
data of references 1 to 3 show that transition moves forward as angle of attack 
increases; however, the trend of the present data is significantly more gradual than 
the other data. 

Overall, the movement of transition on the windward side with increasing angle 
of attack does not show a consistent trend among the four sets of blunt data in 
figure 36. The present data trends of forward movement are in general agreement with 
data from references 1 and 2 at larger angles of attack, but in disagreement with 
data from reference 3. Stetson's data (ref. 1) on the windward side is in disagree- 
ment with his earlier data (ref. 2); moreover, he was unable in reference 1 to 
explain the difference. Muir and Trujillo (ref. 3) questioned the validity of the 
data from reference 2 (fig. 36(c)) on the basis of incorrect interpretation (by 
Stetson) of the start of transition. Their data (fig. 36(d)) show a general rearward 
movement of transition on the windward side. 

It has been well established that the start of transition is influenced by 
tunnel noise. Yet, it is not clear if tunnel noise could be responsible for the 
disagreement in data shown in figure 36. Clearly, additional data are needed to 
resolve the windward-side movement of the transition dilemma. 


CONCLUDING REMARKS 

A 12.5° half-angle cone having a 3-ft-base diameter was tested in the Mach 6.7 
stream of the Langley 8-Foot High-Temperature Tunnel at angles of attack from 0° 
to 10°. The total temperature was 3300°R, and nominal free-stream unit Reynolds 
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numbers ranged from 0.4 x 10 to 1.4 x 10 per foot. Three nose configurations were 
tested on the cone: a 3-in-radius tip, a 1 -in-radius tip on an ogive frustum, and a 

sharp tip on an ogive frustum. Cold-wall (ratio of wall temperature to total temper- 
ature of 0.16) heating-rate distributions, surface-pressure distributions, shock 
shapes, and shock-layer profiles were measured and compared with predictions. 

Shock-shape predictions by inviscid flow-field codes using a ratio of specific 
heats y of 1.4 showed fair agreement with measured shock shapes. Agreement was 
shown to improve to within ±4 percent in the stagnation region by using a lower y 
of 1.275 to account for real-gas effects. The shock-layer Mach number profiles, 
which were independent of free-stream Reynolds number, showed trends and levels that 
were generally in agreement with predictions. Better agreement was obtained for 
Y = 1.275 than for y = *\. 4* Measured shock-layer temperature profiles indicated 
good total-temperature recovery within the shock layer. 

Surface pressures normalized by the stagnation pressure behind a normal shock 
were independent of free-stream Reynolds number, for the present flow conditions, and 
required longer distances to recover to sharp-cone pressures as the nose bluntness 
increased. Windward pressure distributions were predicted to within experimental 
accuracy for the present range of angle of attack. 

The cold-wall heating data indicated that laminar, transitional, and turbulent 
boundary layers were experienced in the present study. Laminar heating data normal- 
ized by calculated stagnation-point heat transfer were independent of free-stream 
unit Reynolds number. Laminar heating on the ogive frustum was independent of nose 
bluntness up to 90° off the windward ray for angles of attack up to 10°. Good agree- 
ment between measured and predicted laminar heating was observed on the windward side 
of the model (±90° from the most windward ray) over the present range of angle of 
attack. Turbulent heating levels were in agreement with a semiempirical method. The 
location of the start of transition moved forward, both on the windward and leeward 
sides, with increasing free-stream Reynolds number, increasing angle of attack, and 
decreasing nose bluntness. A comparison of these trends with those from other 
studies showed general agreement on the leeward side but not on the windward side. 
However, disagreement on the windward side is not surprising since different trends 
of windward-side transition movement exist among the other studies. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
September 27, 1984 
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Thermocouple numbers are designed by the notation 
’start of cone frustum. 








s c , in., for - 

Orifice P, deg 

12.5° cone 


PI 0 0.73 
P2 0 2.83 
P3 0 5.03 
P4 0 7.03 
P5 0 9.06 
P6 0 11.60 
P7 0 14.14 
P8 0 16.52 
P9 0 18.90 
P10 0 24.38 
P11 0 27.79 
PI 2 0 31.23 
PI 3 0 36.70 
PI 4 0 42.62 
PI 5 0 48.12 
PI 6 0 52.64 
PI 7 0 58.00 
PI 8 0 62.19 
PI 9 45 9.06 
P20 90 9.06 
P21 90 58.00 
P22 135 9.06 
P23 135 58.00 
P24 180 9.06 
P25 180 58.00 
P26 -135 9.06 
P27 -90 9.06 
P28 -90 58.00 
P29 -45 9.06 
P30 -45 58.00 



s, in., for 

- 

Nose R-3 

Nose R-1 

Nose R-S 

9.46 

12.80 

14.12 

11.56 

14.90 

16.22 

13.76 

17.10 

18.42 

15.76 

19.10 

20.42 

17.79 

21.13 

22.45 

20.33 

23.67 

24.99 

22.87 

26.21 

27.53 

25.25 

28.59 

29.91 

27.63 

30.97 

32.29 

33.11 

36.45 

37.77 

36.52 

39.86 

41.18 

39.96 

43.30 

44.62 

45.43 

48.77 

50.09 

51.35 

54.69 

56.01 

56.85 

60.19 

61.51 

61.37 

64.71 

66.03 

66.73 

70.07 

71.39 

70.92 

74.26 

75.58 

17.79 

21.13 

22.45 

17.79 

21.13 

22.45 

66.73 

70.07 

71.39 

17.79 

21.13 

22.45 

66.73 

70.07 1 

71.39 

17.79 

21.13 

22.45 

66.73 

70.07 

71.39 

17.79 

21.13 

22.45 

17.79 

21.13 

22.45 

66.73 

70.07 i 

71.39 

17.79 

21 .13 

22.45 

66.73 i 

70.07 

71.39 
























TABLE III.- RUN NUMBERS FOR NOMINAL TEST CONDITIONS 


a, 

deg 

Run numbers for noses at N Re per foot of - 

0.4 x 10 6 



0.9 x 10 6 

1.4 x 1 0 6 

1.4 x 1 0 6 

Nose R-3 

Nose R— 1 

Nose R-S 

0 

7 

6 

1, 2, 3, 
4, 5 

11, 12 

15, 16 

2.5 




13 


5 



8 



10 

10 


9 

14 

17 

























TABLE IV.- TEST CONDITIONS 


Test 

Run 

Model test 
time, sec 

■ 

N Re' ft_1 

M 

p s , psia 

q g , Btu/ft 2 -sec 

a, deg 





Nose 

R-3 




98-4 

a i 

10 

mm 

1 .42 x 10 6 

6.7 

17.95 

79.4 

0 

98-7 

a 2 

15 

msa 

1.34 

6.8 

18.10 

82.4 

0 

98-8 

3 

40 

3260 

1 .45 

6.6 

17.80 

74.6 

0 

98-9 

a 4 

4 

3430 

1.36 

6.8 

18.00 

80.8 

0 

98-10 

a 5 

4 

3450 

1.35 

6.8 

18.10 

82.0 

0 

98-6 

a 6 

40 

3320 

.88 

6.9 

10.74 

59.6 

0 

98-5 

7 

40 

3170 

.40 

6.8 

4.75 

36.6 i 

0 

98-11 

8 

30 

3230 

1.46 

6.6 

18.00 

74.0 i 

5 

98-12 

9 

15 

3180 

1 .48 

6.6 

18.27 

72.8 

10 

98-13 

10 

40 

3030 

.42 

6.7 

4.74 

33.6 

10 





Nose 3 

R-1 




98-14 

1 1 

25 


1.45 x 10 6 

6.6 

17.92 

129.2 1 


98-17 

a 1 2 

4 

fl 

1 .51 

6.4 

17.80 

115.0 


98-15 

13 

25 

3380 

1.41 

6.7 

18.1 

133.4 


98-16 

14 

15 

3180 

1.47 

6.6 

18.16 

126.1 






Nose 3 

R-S 




98-18 

15 

5 

m 

1 .50 x 10 6 

6.5 

17.96 

b 1 19.9 

0 

98-19 

16 

15 

WSm 

1.29 

6.8 

17.65 

b 1 43. 8 

0 

98-21 

17 

10 

m 

1.35 

6.8 

17.84 

b 1 39.6 

10 


a Survey-rake data obtained. 
^Values for nose R-1 . 
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Physical property 


Ogive frustum 


12.5° cone frustum 





Material 

Stainless steel 

Rene 41 

Thickness, in 

0.083 

0.060 

3 

Density, lb/in 

0.29 

0.30 

Specific heat, Btu/lb-°R 

0.12 

0.11 

Thermal conductivity at 640°R, 



Btu-in/f t 2 -hr-°R 

112.0 

71.0 
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l T67 instrumentation was not always functional 
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Figure 1 Model in Langley 8-Foot High-Temperature Tunnel. 





Cone-boattail junction-^ * u,:>u q. 15 



Figure 2.- Schematic drawing of model assembly. Dimensions are given in inches unless otherwise specified 



ceramic 



Figure 3.- Inner shell of 12,5° cone frustum. Model with outer skin removed 
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Figure 5 ,- Photographs of shock flow-field survey rake. Dimensions are 
given in inches unless otherwise specified. 



























12.5 cone 
frustum 



Figure 9.- Nose instrumentation. Front view 
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(a) Schlieren photograph of nose R-3. Run 3 


Representative photographs of shock shape over nose 
\ = 0°; nominal = 1.4 x 10^ per foot. 





L-84-101 

(b) Shadowgraph of nose R-1 . Run 12. 


Figure 13.- Continued. 
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(c) Shadowgraph of nose R-S . Run 16, 
Figure 13.- Concluded. 
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(c) Nose R-1 . 


a = 0° 


Figure 14.- Continued 









(e) Nose R-1 . 


o = 10° 


Figure 14.- Continued 
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Figure 16.- Mach number profiles for nose R-3 at a 
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(a) v 5 = 0° . 
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various angles of attack for nos< 


c. o 




o 


Present data 
Ref. 9 (laminar) 

- Ref. 11 (turbulent) 

Ref. 15 (turbulent) 



(p, deg 


R-3 


(b) a = 0°; run 3. 

heating-rate distributions at 
Nr = 1.4 x 10 6 per foot. 














I\U1I 

Re ' 6 

o 

3 

1.4 x 10 

□ 

6 

.9 

o 

7 

.4 


Theory (ref. 3; STEIN) 



10 20 30 40 30 60 70 


s, in. 


0 

Run 3 

N Re 

1.4: 

□ 

Run 6 

.9 

o 

Run 7 

.4 


Ref. 9 (laminar) 

1.4 

— 

Ref. II (turbulent) 

.9 



Ref. II (turbulent) 

.4 



10 20 30 40 50 60 70 


s, in. 

(a) Longitudinal distributions. = 0°. 

Effect of Reynolds number on surface pressui 
ate distributions on blunt 12.5° cone frustu 
or nose R-3. 





□ Run 6 .9 



-90 0 90 180 


(p , deg 

(b) Circumferential distributions. 
Figure 27.- Concluded. 
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